Abstract. The cancer stem cell (CSC) theory implicates a small subpopulation of cells with stem-like properties, which is responsible for tumour initiation, development and metastasis. The unique biological and functional characteristics of CSCs, widely associated with treatment resistance, indicate an association between metastasis and stemness. It was hypothesised that metastatic cell lines may be enriched in CSCs and that this would correlate with a more resistant tumour. In the present study, the SW480 and SW620 paired cell lines derived from a colon adenocarcinoma and its lymph node metastasis, respectively were compared as an in vitro model of cancer progression. Their chemosensitivity and CSC properties were investigated. A range of in vitro assays were performed, including the side population assay, ALDEFLUOR assay, tumoursphere assay and assessment of CSC-associated surface phenotypes. It was determined that the SW480 and SW620 cells exhibited similar growth rates, although the SW480 cells were more migratory in wound healing assays on collagen and fibronectin matrices. SW480 and SW620 cells displayed similar CSC profiles, however, SW480 cells demosntrated significantly greater tumoursphere forming efficiency over SW620 cells. Tumourspheres derived from SW480 and SW620 cells also displayed differential sensitivity to 5-fluorouracil, oxaliplatin, geldanamycin and novobiocin that was not apparent when cells were grown under adherent conditions. Taken together, these results suggest that although the two cell lines have similar levels of putative CSC populations, there are differences in their biology that cannot be explained by these CSC levels. To the best of our knowledge, this is the first study to conduct a detailed analysis of the CSC populations using multiple in vitro assays in a paired cell line model. These results have clinical relevance for the understanding of the differences between primary tumours and their metastatic counterparts.
Introduction
The cancer stem cell (CSC) theory challenges earlier models concerning the development of cancers by implicating a small proportion of cells with stem-like properties in the development, propagation and drug resistance of tumours (1, 2) . CSCs display unlimited differentiation potential and an ability to self-renew, both of which are features required for tumour initiation and development (2) . Recent studies have suggested that the differentiation and self-renewal capabilities unique to CSCs may also regulate the progression and propagation of a tumour, proposing a role for CSCs in the metastatic spread of cancers (2) (3) (4) (5) . There is cumulative evidence to support the CSC theory in the propagation of leukaemic (blood) and solid (tissue) tumours from CSC of primary cancers and cancer cell lines of the brain, breast, colon, lung, prostate, as well as melanoma and glioblastoma (6) (7) (8) (9) (10) (11) (12) .
Several functional and phenotypic in vitro assays have been used to identify putative CSC populations. These include the side population (SP) and ALDEFLUOR assays, the detection of specific cell surface markers, and the assessment of the ability of cells to grow as tumourspheres (TS) in suspension (13) (14) (15) . The SP assay identifies putative CSCs based on the high activity of the ATP-binding cassette transporter protein (ABC)G2, which is also implicated in drug resistance due to its role in the efflux of chemotherapeutics from the cell (16, 17) . On the other hand, the ALDEFLUOR assay identifies CSCs using another unique CSC marker, aldehyde dehydrogenase (ALDH). The detoxifying effect of ALDH is thought to protect stem cells against oxidative damage and may modulate the proliferative capacity of stem cells (18) . As a functional assay, the generation of three-dimensional spheres using serum-free culture methods takes advantage of the stem-like nature of CSC by allowing survival from anoikis and this method has been utilised for the identification and expansion of CSC populations in vitro (19) In colon cancer, putative CSCs have been identified in vitro using a range of the aforementioned techniques, in particular according to the expression of the cell surface protein markers, CD44 and CD133, and to the expression of ALDH and ABCG2 (4, 14, (19) (20) (21) .
The most appropriate and accurate method of identifying of CSCs remains a subject of intense debate, Furthermore, many researchers remain sceptical as to the role of this subpopulation in cancer initiation and progression. In particular, whether or not the presence of CSCs determines the metastatic potential of the tumour has yet to be fully elucidated (3) .
In this study, we used a paired colon cancer cell line model derived from a single patient, representative of the primary tumour (SW480) and its lymph node metastisis (SW620) (22) . As the SW480 and SW620 cell lines developed from the same genetic background, they provide an in vitro model to study the cellular changes that occur during cancer progression and development of a metastatic phenotype. Our analysis focussed on the comparative in vitro analysis of putative CSC populations in these paired lines. We hypothesised that if CSC are responsible for metastasis, then the SW620 cell line may be enriched in CSC compared to the SW480 cell line and therefore should be the more chemoresistant of the two cell lines.
Materials and methods
Adherent cell lines and culture conditions. Paired human colon adenocarcinoma cell lines SW480 (primary/pre-metastatic tumour; cat. no. 87092801) and SW620 (lymph node metastasis; cat. no. 87051203) were purchased from the European Collection of Animal Cell Cultures (Salisbury, UK). SW480 and SW620 cells were maintained in Leibovitz's L-15 medium with GlutaMAX™-I (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 10% (v/v) fetal bovine serum (Biowest, Nuaillé, France) and 100 U/ml PSA (Gibco; Invitrogen) at 37˚C. Cell lines used in experiments exhibited passage numbers below 50.
Light and phase contrast microscopy. Cells and TS were analysed by light microscopy using an Olympus CKX41 microscope (Olympus Corporation, Tokyo, Japan), or by phase contrast microscopy using a Zeiss DSZ5000X inverted microscope (Zeiss AG, Oberkochen, Germany). All images were analysed using ImageJ software (National Institute of Health, Bethesda, MD, USA).
Cell adhesion and growth profile. Real-time cell analysis was performed using the xCELLigence™ System (Roche Applied Science, Rotkreuz, Swtizerland). SW480 and SW620 cells were seeded at a density of 3x10 3 cells per well in 100 µl growth medium in a 96-well E-plate (Roche Applied Science). The E-plate was analysed over 96 h at 37˚C using RTCA 1.2.1 software (ACEA Biosciences, San Diego, CA, USA), collecting data from one sweep/h. An increase in cells on the gold electrodes of the well surface was detected by changes in the electrical impedance, producing the cell index (CI) output in relation to the impedance at the beginning of the experiment. An unchanged CI output therefore suggests no change in the number (or size) of cells, while increases in CI output over time are indicative of cell growth/proliferation.
Wound healing assay. SW480 and SW620 cells were seeded into untreated 96-well plates (at a density of 1x10 6 cells/ml) or plates pre-treated with 1 µg/ml type I collagen or 5 µg/ml fibronectin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and allowed to adhere overnight at 37˚C. Wounds to each well were created by the removal of a section of the confluent cell monolayer using a sterile toothpick and changes in the wound size analysed at intervals over 24 h. Images were taken at 0, 4, 8, 12 and 24 h after creating the wound using a Zeiss DSZ5000X inverted microscope. The change in wound area (%) relative to the start of the assay (0 h) was calculated for each time point using ImageJ software (National Institute of Health).
Hoechst efflux assay. The experimental procedure used by Goodell and colleagues was used for the development of the optimised Hoechst 33342 dye exclusion assay (23 ) were used to account for any non-specific antibody binding to live cells by establishing a gating threshold (limit 0.5%) according to fluorescence intensity and calculated compensation. All antibodies were used at a 1:400 dilution (0.25 µg) and samples were incubated at 4˚C for 1 h before harvesting of cells for analysis). The FACSAria II flow cytometer was used to record 50,000 events prior to analysis using FlowJo software. The APC fluorophore was excited at 633 nm and emission recorded in the 620/20 filter channel. Both the FITC and the PE fluorophores were excited at 488 nm and emission recorded in the 530/30 or 585/42 filter channels, respectively. Compensation controls were used to establish values for fluorescent overlap.
Culture of TS.
The ability of colon cancer cells to form TS under anchorage-independent conditions was analysed for 14 days using a protocol adapted from that of Dontu et al as well as Kreso and O'Brien (24, 25) . Cells were harvested, filtered and resuspended as a single-cell suspension in conditioned medium to a density of 2x10 4 cells/ml. TS were maintained in medium (DMEM) with 1x B-27 supplement (Gibco; Invitrogen), 20 ng/ml basic fibroblast growth factor (bFGF; Thermo Fisher Scientific, Inc.), 20 ng/ml epidermal growth factor (EGF; Sigma-Aldrich; Merck KGaA), 5 µg/ml insulin (Novorapid; Novo Nordisk A/S, Bagsvaerd, Denmark), 10 µg/ml heparin (Sigma-Aldrich; Merck KGaA) and 100 U/ml PSA (Gibco) in ultra-low attachment culture flasks and/or multiwell plates (Corning Incorporated, Pittsburgh, PA, USA). Sphere-forming efficiency (SFE) was quantified per number of cells seeded and expressed as a percentage.
Cell cycle analysis. Cells were seeded (2x10 4 cells/ml) in 25 cm 3 flasks for TS culture over 5 days, and overnight for adherent conditions. Cells were lifted with Accutase™ (Invitrogen) pelleted at 1,600 x g and fixed with 70% (v/v) ethanol before harvesting and staining for 40 min at 37˚C in PI solution [50 µg/ml PI, 100 µg/ml RNAse A, 0.05% (v/v) Triton X-100; Sigma-Aldrich; Merck KGaA]. Doublet discrimination was carried out to eliminate false positive results arising from aggregated cells.
Fluorescence microscopy. Cells seeded on coverslips coated with 5 µg/ml fibronectin were fixed in methanol and incubated with anti-heat shock protein 90 (Hsp90)α/β antibody (sc-13119; Santa Cruz Biotechnology, Inc., Dallas, TX, USA; used at 1:100 dilution) overnight at 4˚C, followed by incubation with donkey anti-mouse Alexa Fluor-488 secary antibody (A21202; Thermo Fischer Scientific, Inc., used at 1:500 dilution) for 1 h. Nuclear staining was carried out using 1 µg/ml Hoechst 33342 (Invitrogen). Images were taken using a Zeiss AxioVert.A1 Fluorescence LED inverted microscope with a high resolution AxioCam MRm Rev 3, and analysed with ZEN Lite 2012 1.1.2.0 software (Zeiss AG).
SDS-PAGE and western blot analysis.
Cell lysates were resuspended to equal total protein concentrations as determined by a NanoDrop 2000 spectrophotometer (Thermo Fischer Scientific, Inc.) Proteins resolved by SDS-PAGE gels were transferred onto Hybond Supported Nitrocellulose membranes (GE Healthcare Life Sciences, Chalfont, UK) membrane. Hsp90 was detected by chemiluminescence using the ECL Advanced Western Blotting kit (GE Healthcare Life Sciences), after incubation with a horseradish peroxidise-conjugated donkey anti-mouse secondary antibody, using the Chemidoc™ EQ system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Images were analysed using ImageJ software. Anti-Histone H3 (#9715; used at 1:2,500 dilution) and anti-Hsp90α/β (sc-13119; used at 1:1,000 dilution) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA) and Santa Cruz Biotechnology, Inc., respectively.
Viability studies with anti-cancer drugs. The viability of 3x10
3 cells/well (adherent) and 1x10 3 cells/well (TS) in a 96-well plate were assessed following treatment with GA, NOV, 5-fluorouracil (5-FU) or oxaliplatin (Sigma-Aldrich; Merck KGaA) at increasing concentrations in comparison to untreated or DMSO (vehicle control). After the addition of 10 µl/well WST-1 proliferation reagent (Roche Applied Science) and incubation for 3 h, the absorbance at 440 nm was measured using a PowerWave spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). The concentration at which a chemotherapeutic agent effectively altered cell viability by 50% (EC 50 ) for each cell line was calculated in GraphPad Prism 4.03 software (GraphPad Software, Inc., La Jolla, CA, USA) using non-linear regression.
Statistical analysis. The statistical analyses of data were performed using GraphPad Prism 4.03 software (GraphPad Software, Inc.). Using two-way ANOVA, Mann Whitney and t-test (as indicated in the figure legends), data were assessed for statistical significance, where P<0.05 was deemed the minimum statistical significance upon comparison of samples.
Results

Comparison of biological characteristics of the paired SW480
and SW620 cancer cell lines. The morphology of SW480 and SW620 cells were analysed by phase contrast microscopy to reveal two cell morphologies (Fig. 1A) . The SW480 cell line showed small groupings of irregular-shaped cells (80% of fully adhered cells were irregular in shape, with only 20% representing a more spindle-like morphology), in comparison to the small spindle-like shape of the SW620 cells (53% of fully adhered cells were of a traditional, elongated spindle-shape, while the remaining 47% were either more rounded spindles or irregular in shape). These morphologies are similar to those reported previously in literature (22) . SW480 and SW620 cells were next compared in terms of cell growth. Using xCELLigence™, the adhesion and growth of SW480 and SW620 cells over 96 h was followed in real time (Fig. 1B) and assessed based on the reported CI. CI values for the SW620 cells were significantly higher overall than that of the SW480 cells. The higher CI values may reflect the different morphologies of the cells observed, since this value is based on the extent to which the growth surface is covered by the cell monolayer causing electrical impedance on the electrode, and will thus logically be affected by not only the number of cells but also their size and shape (Fig. 1A) . Nonetheless, the two cell lines appeared to display similar growth rates as indicated by the similarity in the shapes of the respective curves (Fig. 1B) . This data was supported by an assessment of SW480 and SW620 cells for metabolic activity as a measure of proliferation over 96 h by WST-1 assay, further indicating a similar growth trend between cell lines (data not shown).
A wound healing assay was used to compare the migratory potential of the SW480 and SW620 cells in vitro and to investigate the effect of different matrices (collagen and fibronectin) on migration of the cells (Fig. 1C) . Our data revealed that, overall, SW480 cells have a significantly higher migratory potential than SW620 cells. Furthermore, we report that, in the absence of additional extracellular matrix proteins, limited migration was observed, particularly for SW620 cells, after the 24 h assay period (SW480, 17.94±4.50%; SW620, 10.01±12.96% decrease in wound area; Fig. 1C ). Collagen produced the most significant effect on migration in both SW480 and SW620 cells, from as early as 8 h in the SW480 cells (35.23±5.84 and 12.02±3.64% wound closure in SW480 and SW620 cells, respectively; after 24 h, while fibronectin significantly stimulated migration only in the SW480 and not SW620 cells (19.67±4.96 and 6.05±5.24%, respectively) (Fig. 1C) .
Comparison of putative cancer stem-like cell populations in the SW480 and SW620 cell lines in vitro. In this study, the presence of putative CSCs was investigated in vitro by analysis of the SP, expression of active ALDH and levels of putative CSC surface protein markers. Given that the SW620 cell line is a metastasis of the primary SW480 cell line, we hypothesised that the SW620 cells may be enriched in CSC-like cells. Hoechst 33342 stained cells treated with or without verapamil were compared with unstained uninhibited (control) cells to determine the proportion of the SP (Fig. 2A) . The average results obtained from three independent analyses indicated that there was no significant difference between the sizes of the SP detected within the SW480 and SW620 cell lines (SP of 1.80 and 1.34%, respectively, Fig. 2B ). We next compared the proportion of putative CSC between the two lines according to the levels of active ALDH, using the ALDEFLUOR ® assay (Fig. 3) . The ALDH high population. was quantified as the difference in the subpopulation (%) of intensely stained cells (indicated in the gate to the far right of the histograms) between samples with or without DEAB treatment (Fig. 3A) . Our data revealed no significant difference in this population between the cell lines (average ALDH high population of SW480 and SW620 cells: 6.49 and 6.06%, respectively (Fig. 3B) .
We employed a third strategy to compare putative CSC levels between the cell lines by analyzing the expression of the cell surface markers ABCG2 (CD338), CD44 and CD133, CD24 and the α6 integrin (CD49f) (Fig. 4A) + marker revealed populations of 0.1 and 0.4% in SW480 and SW620 cells. The differences in expression of these phenotypic markers between the cell lines were not, however, deemed to be significant for any of the cell surface proteins tested, in part due to the high degree of variability in staining between replicates, which was consistently observed in subsequent replicate experiments.
Anchorage independent growth model for putative cancer stem-like cells. Finally, we compared the levels of putative CSC between the SW480 and SW620 cell lines using a functional assay, where we investigated the ability to form TS under anchorage-independent conditions. Both cell lines were capable of anchorage-independent growth, forming TS, characterized as non-adherent three-dimensional spherical colonies with distinct borders, of approximately 120 µm in diameter within 14 days of culture (Fig. 5A) , which correlates with sizes reported in the literature for other primary cancers and cell lines (26) (27) (28) . We report that SW480 cells displayed significantly higher SFE than SW620 cells after 7 days of culture (49.9 and 33.5%, respectively, Fig. 5B ). Since quiescence is a feature of CSC (29), we compared the cell cycle distribution of SW480 and SW620 cells grown adherently and as TS (Fig. 5C ). TS derived from SW480 cells displayed a statistically significant (P<0.001) increase in the number of cells in G1/G0 phase and a concomitant decrease in the proportion of cells in S phase compared to SW480 cells cultured under adherent conditions. No significant difference in the distribution of cells between the cell cycle phases was detected on comparison of SW620 cells grown in adherent and TS conditions. The significant increase in the proportion of cells in G1/G0 phase in SW480 TS may account for the greater SFE observed for the SW480 cell line over the SW620 cell line (Fig. 5B) .
Chemosensitivity of SW480 and SW620 cells in vitro.
We next compared the chemosensitivity of the SW480 and SW620 cell lines to anti-cancer drugs, including 5-FU and oxaliplatin, used in the treatment of colon cancer (30, 31) , and the Hsp90 inhibitors, GA and NOV (Fig. 6 ). SW620 cells displayed greater sensitivity than SW480 cells to 5-FU treatment, although the difference in EC 50 values was not significant), while SW480 cells were significantly more sensitive to oxaliplatin. SW480 and SW620 cells displayed similar sensitivities to GA and NOV and demonstrated similar subcellular localisation and expression levels of Hsp90, the target of these drugs (Fig. 6B and C) .
Response of TS to anti-cancer drugs.
We further assessed whether TS from SW480 and SW620 differ in their response to 5-FU, oxaliplatin, GA or NOV (Fig. 7) . Dose-dependent decreases in cellular viability were obtained for both SW480 and SW620 TS following treatment with 5-FU and oxaliplatin at concentrations above 5 and 12.5 µM (P<0.001), respectively. These results suggest that both SW480 and SW620 derived TS exhibit enhanced sensitivity (in comparison to adherent cells) to 5-FU and oxaliplatin treatments (SW620 TS demonstrated greater sensitivity to 5-FU; Fig. 7A ), oxaliplatin (Fig. 7B) and GA (Fig. 7C) compared to SW480 TS. Indeed, SW620 derived TS showed significant reductions in viability after treatment with only 12.5 nM GA (P<0.001), which is approximately 4-fold lower that the EC 50 for SW480 and SW620 adherent cells. Interestingly, NOV caused a significant dose-dependent increase in viability in SW480 TS (P<0.01 for 100 µM and P<0.001 for 150 µM treatments; Fig. 7D ). In contrast, NOV had no significant effect on SW620 TS formation, although the TS were more resistant to NOV compared to the SW620 cells cultured under adherent conditions.
Discussion
The SW480 and SW620 paired cell lines were established from the primary tumour and metastatic counterpart of the same individual and therefore have a shared genetic background, representing an in vitro model for the changes associated with the progression of a colon cancer (32) . In this study, the two cell lines were shown to have similar growth rates, while the SW480 cell line was more migratory on collagen and fibronectin in linear wound healing assays than the SW620 cell line. While this may seem counterintuitive, if we consider that the physiology of the pre-metastatic cell line must support metastatic potential, this may account for the enhanced migration potential observed in the SW480 cells.
Our in vitro CSC analysis suggests that, despite having similar levels of cells bearing putative CSC markers, the SW480 and SW620 paired cell lines can be differentiated on the basis of the ability to grow under anchorage independent conditions as TS. Furthermore, the culture of TS revealed differences in chemosensitivity of the SW480 and SW620 cell lines that were not observed when the cells were cultured under adherent conditions. To the best of our knowledge, this is the first study to report an extensive comparison of any paired cell lines using a range of in vitro CSC assays.
In colon cancer, the CD133, CD24 and CD44 surface proteins have been reported to represent putative colorectal CSC populations (20) . However, the use of CD44 and CD133 markers for the detection of colon CSC remains controversial (33, 34) . The proportions of putative CSC identified within the SP of SW480 and SW620 cells in our study were low (~1%) in both cases, similar to reports for other colon cancer lines and gastrointestinal tumours from literature (21, 35) . Similarly, the proportion of cells expressing ALDH was comparable between the two cell lines, and the CD44 + /CD133 + population was also not significantly different between SW480 and SW620 cells. While both paired cell lines formed TS, the SW480 cell line demonstrated significantly greater TS formation efficiency. These data would suggest that the SW480 cell line should be more enriched in cells with a CSC-like phenotype than the SW620 line. If the proportion of CSC is correlated with tumourigenic potential, then these data were unexpected as SW620 cells have demonstrated a greater tumorigenic potential than the SW480 cell line in vivo (32) . The CD133 + marker has been used to identify drug-resistant CSC populations in colon cancer, although, there is some indication that both CD133 + and CD133
-populations in colorectal cancer can regenerate the growth of a tumour with in vitro serum-free culture (36, 37) . We originally hypothesised that if there were a link between CSC and metastasis, as suggested in the literature (3) (4) (5) , then the SW620 cell line might be enriched in cells bearing CSC expression markers and/or CSC properties. Our results do not support this hypothesis, since there was no significant difference in SP, ALDH levels or CSC markers between SW620 and SW480 cells and SW620 cells displayed a lower TS forming ability. However, if we consider the definition of a CSC in terms of their ability to recapitulate a tumour with a similar CSC hierarchy (7, 38) , this would explain the similarity in CSC profiles, between the SW480 and SW620 cell lines observed in this study in phenotypic marker-based assays.
The SW480/SW620 model was used to explore differential chemosensitivity between cells derived from a primary tumour and its metastasis, as well as to assess the effect of putative CSC-enrichment on drug susceptibility. Under adherent conditions, the SW480 and SW620 cells were similarly sensitive to 5-FU and the Hsp90 inhibitors, GA and NOV, while SW480 cell lines were more sensitive to oxaliplatin than the SW620 cell lines. This demonstrated that differences in the chemosensitivity of primary and secondary tumour-derived cell lines vary between drugs; however, in our study, the overall trend was that of a similar toxicity profile in terms of selected chemotherapeutic agents between the two cell lines. To address whether the presence of a putative CSC subpopulation contributes to drug resistance, the viability of putative CSC-enriched TS grown in the presence of anti-cancer drugs was compared to the aforementioned results obtained under adherent conditions. We report that the anti-cancer drugs 5-FU, oxaliplatin and GA were able to inhibit or reduce TS formation in both lines at concentrations below the EC 50 values determined for adherent lines. This is encouraging in the light of the recent focus on developing CSC-targeted therapies (5) . In contrast, NOV treatment led to an increase in TS viability, particularly in the SW480 cell line. These data support the hypothesis that the SFE and, by extension, the presence of putative CSCs, influences the sensitivity of cell populations to anti-cancer drugs (16) .
The most striking and intriguing trends observed in this study were those observed when comparing the SW480 and the SW620 cell lines in terms of the differences in drug sensitivity of their respective TS. In particular, SW480 TS unlike SW480 cells grown under adherent conditions, revealed a significantly greater tolerance to oxaliplatin, 5-FU, and GA in comparison to SW620 TS. The differences in chemosensitivities of the SW480 and SW620 TS were most prominent for the Hsp90 inhibitors GA and NOV, with SW620 TS showing a dramatic increase in sensitivity to GA and the SW480 TS showing a marked and unexpected increase in viability upon exposure to NOV. These differences may be linked to the increased expression, in SW620 cells, of the oncogene ERBB3 and telomerase (39, 40) , both of which are Hsp90 clients and have been shown to support anchorage independent growth (41) (42) (43) (44) . If the SW620 line is dependent on the latter for growth under anchorage independent conditions, then this cell line may be more sensitive to Hsp90 inhibition. The increase in viability of SW480 TS upon NOV treatment was unexpected and is in contrast to other studies showing that NOV and other C-terminal Hsp90 inhibitors were able to block anchorage independent growth of cancer cell lines (45, 46) , although both of these studies used the soft agar assay, not the TS assay, to measure anchorage independent growth.
In conclusion, our data from the analysis of the SW480 and SW620 paired cell lines do not support a correlation between CSC populations as identified using a range of accepted in vitro assays and the migration potential or drug resistance of the cells since the cell lines have similar levels of putative CSC but show differences in these biological responses.
